hormone secretion, 2 neuronal plasticity, 3 gene transcription 4 and cell differentiation.
If the enzymatic activity is abnormally raised, it can be directly related to various diseases. For example, it has been known that an extraordinarily activation of PKA is seen in thyroid cancer or Basedows disease. 6 Thus, it is of interest to develop an assay system that can be used to monitor the activity of PKA in cellular extract that is simple to perform and that is amenable to automation. However, most existing assays for PKA activity use 32 P and either electrophoresis 7 or HPLC separation 8 and require extensive characterization and validation.
In contrast, the method described here is simpler and more rapid than any of the established assays. We expect that the method is potentially useful for fields involving diagnostics and in the pharmacological industry.
Experimental

Synthesis of the oligopeptide (Ac-RRASLC)
Oligopeptide (Ac-RRASLC) was prepared on Fmoc chemistry using an automatic peptide synthesizer (PE Biosystems, Norwalk, CT). Deprotection and removal of the desired peptide from the WANG resin were accomplished by incubating the peptide-loaded resin for 2 h with a solution containing 94% TFA, 2.5% water, 2.5% ethandithiol, and 1% triisopropylsilane at a concentration of 10 -25 g/ml. The resin was then filtered out, and the TFA was evaporated. The peptide was precipitated with anhydrous ether and purified with preparative C18 reversephase HPLC (Lichrospher 100RP-18(e), Cica-Merk) using 0.1% TFA/acetnitrile.
Synthesis of ferrocene ethylamine
Small portions of lithium aluminum hydride (500 mg, 13.3 mmol) and aluminium chloride (1.2 g, 9 mmol) were each added into dry-THF (20 ml) on an ice bath while stirring. Then, ferrocene acetonitrile (1 g, 4.4 mmol)/THF (10 ml) was added dropwise under a nitrogen atmosphere. The reaction mixture was refluxed for 2 h. After cooling on an ice bath, the excess of LiAlH4 was decomposed by the addition of water, and then extracted with methylene dichloride. The product was purified by column chromatography on silica gel using chloroform/methanol. The structure was confirmed by 1 H-nmr (250 MHz, CDCl3, TMS): δ(ppm) = 4.07 (s, 5H; Ar-H), 4.04 (s, 4H; Ar-H), 2.77 (t, J = 6 Hz, 2H; Ar-CH2), 2.45 (m, 2H; CH2-N), 1.86 (broad, 2H; NH2).
Synthesis of maleimidemethylamidoethyl-ferrocene
Maleimideglycine (112 mg, 0.72 mmol) was dissolved in thionylchloride (5 ml) and refluxed for 30 min. After being concentrated, the residue was re-dissolved in methylene chloride (5 ml). Ferrocene ethylamine (166 mg, 0.72 mmol) and triethylamine (120 µl, 0.87 mmol) were dissolved in methylene chloride (5 ml), and the solution was added dropwise into a maleimideglycine chloride solution on an ice bath while stirring, and was then stirred at room temperature for 1 h. The reaction mixture was washed with an aqueous tartaric acid solution. The desired product (white powder, 151 mg, 57%) was used without further purification after concentrating of the methylene chloride phase.
The chemical structure was confirmed by 1 H-nmr (250 MHz, CDCl3, TMS): δ(ppm) = 6.77 (s, 2H; maleimide), 5.92 (broad, 1H; NH), 4.11 (s, 7H; Ar-H and CO-CH2), 4.07 (s, 4H; Ar-H), 3.35 (m, 2H; N-CH2), 2.53 (t, J = 6 Hz, 2H; Ar-CH2) and MS (FAB): m/z = 1112.
Synthesis of ferrocene-pendant PKA substrate
The maleimidemethylamidoethyl-ferrocene (5 mg, 13.7 µmol) and a peptide, Ac-RRASLC (5 mg, 6.7 µmol), were dissolved into DMF (200 µl), then stirred at room temperature for 1 h. The desired product was purified with reverse-phase HPLC using 0.1% TFA/acetonitrile (80/20→40/60 (0→40 min)). A white powder (2.7 mg, 36%) was obtained after being lyophilized.
A novel electrochemical system has been developed for monitoring the cyclic AMP-dependent protein kinase (PKA) activity. In this method, PKA activity was monitored as the change in the redox current of a ferrocene-pendant PKA substrate peptide (Fe-LRRASLG) on a gold electrode, which had been modified with thioctic acid, using cyclic voltammetry. The phosphrylation of the ferrocene-pendant substrate with PKA changed the net charge from +1 to -1. This caused a decrease in the redox current of the ferrocene unit due to an electrostatic repulsion between the substrate and the anionic surface of the electrode. We expect that this method is potentially useful for monitoring the enzyme activity in medical or pharmacological fields.
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Evaluation of the ferrocene-pendant peptide as a substrate of PKA After the PKA C-subunit (50 units) was incubated in a 2-ml volume of 20 mM Hepes buffer (pH 7.4) containing 0.2 mM ATP, 10 mM KCl, 2 mM MgCl2, 1 mM phosphoenolpyruvate, 0.3 mM NADH, 12-units of lactate deydrogenase, and 4 units of pyruvate kinase at 25˚C, all reactions were initiated by adding 4 µM of the ferrocene-pendant peptide. Then, the absorbance at 340 nm was monitored.
Electrode preparation and cyclic voltammetry
An electrode preparation was carried out similar to that previously reported. 9 Thus, a polished-gold disk electrode (1.6 mm diameter, Bioanalytical System Inc., West Lafayette, IN) was immersed into 1 mM of a thioctic acid/ethanol solution at room temperature for 1 h. The modified electrode was then washed with and stored in 100 mM Tris-HCl buffer (pH 7.4) containing 100 mM KCl and 1 mM MgCl2. Cyclic voltammetric and differential pulse voltammetric measurements were performed using a Bioanalytical Systems Inc. Model CV-50W potentiostat. A platinum plate (10 × 10 mm) and a standard Ag/AgCl (saturated KCl) electrode were used as a counter and a reference electrode, respectively. The electrode was immersed into a 100 mM Tris-HCl buffer solution (pH 7.4) containing 100 mM KCl, 10 mM MgCl2, 120 µM ATP, PKA C subunit (9 unit); then, the peptide substrate (20 µM as final concentration) was added to the solution. In an investigation of the concentration dependence of PKA to the electrochemical response, a 100-µM volume of the ferrocene-pendant peptide was used, and the redox current was measured 1 h after the addition of various amounts of PKA.
Results and Discussion
Phosphorylation of serine, threonine or tyrosine residues in proteins is the core of intracellular signals. It strongly modifies the enzymatic activities or molecular recognitions of many proteins. The effects of the phosphorylation on proteins fall into three categories: (i) the introduction of an anionic charge of the phosphate group, (ii) the introduction of an additional hydrogen-bonding related to the phosphate group, and (iii) an enhancement of the hydration around the phosphorylation site. In this study, we used the first effect of the phosphorylation to constract a monitoring system of the enzymatic activity of PKA electrochemically.
We thus, designed redox-active PKA substrates (Fig. 1 ). Figure 1 also shows the basic concept of the electrochemical detection of PKA activity that we designed. In this system, the designed substrates, which have positive charge, should be favorable to an electrochemical reaction of the ferrocene in the substrates on a gold electrode modified with anionic thioctic acid. However, once PKA introduces a phosphate group onto the substrate, the net charge of the substrate changes to negative.
This may suppress the electrochemical reaction of the ferrocene due to an electrostatic repulsion. Thus, we may be able to transform the charge-effect of phosphorylation into an electrochemical signal using this system, and may be able to monitor the phosphorylation process using a reduction of the redox current of the substrates on the modified gold electrode.
The ferrocene-pendant peptide was synthesized using ferrocene acetonitrile as a starting material. Thus, the ferrocene acetonitrile was reduced with a lithium aluminium hydride-aluminium chloride mixture to ferrocene ethylamine; a maleimide group was then introduced with the reaction with maleimideglycine chloride. This was labeled on the cysteine residue of the oligopeptide, Ac-RRASLC, which contained a consensus amino acid sequence of the PKA substrate. Phosphorylation of the ferrocene-pendant peptide was investigated with a spectrophotometric coupled-enzyme assay. 10 In this assay, the production of ADP, which is derived from ATP, finally brings about an oxidation of NADH using lactate dehydrogenase and pyruvate kinase. Thus, the phosphorylation can be monitored as correlative to a decrease in the absorbance at 340 nm. In this assay, it was confirmed that the peptide was a good substrate for PKA (Fig. 2) . Almost all of the peptide was phosphorylated after 90 min from the addition of ferrocenependant peptide into the enzyme mixture. The phosphorylation rate was nearly the same as that of the original peptide substrate (Kemptide). that of the phospholyration of the ferrocene-pendant peptide in the coupled enzyme assay. In addition, if ferrocenyl trimethyl ammonium was used as a redox marker instead of the ferrocenependant peptide in the same experment, the redox current did not change. These results clearly indicate that the electrochemical response of the ferrocene-pendant peptide substrate on the electrode is due to phosphorylation of the peptide, but not to the unselective adsorption of the protein kinase or other contents. In this peptide, the net charge, which should be +1 at pH 7.4, would change to -1 upon phosphorylation.
This probably caused an electrostatic repulsion between the phosphorylated peptide substrate and thioctic acids on the electrode to suppress the electrochemical reaction of the ferrocene.
Finally, we investigated the concentration dependence of the PKA to the electrochemical responses of the ferrocene-pendant peptide. Thus, the electrochemical response of the ferrocenependant peptide was monitored after 1 h from an addition of PKA. The redox peak current decreased with increasing the PKA concentration until 100 units (final diminution of the peak current was 0.15 µA), when a 100-µM volume of the peptide substrate was used. However, if additional PKA was added, the electrochemical response became insensitive. When, 200 units of PKA were added, the peak current-diminution was just 0.02 µA. The reason for this is not clear. The enzyme may adsorb onto the electrode surface to suppress the electrochemical reaction.
These findings reported here may suggest that a useful assay system for PKA activity can be designed using this electrochemical system. Using this system, the PKA activity could be monitored from 0 to 100 units. We expect that this system is potentially useful for a kinase assay in an intracellular signal transduction study, although further improvements are still required.
